The interaction of cytochromes P-450 of the liver and olfactory epithelium of male hamsters with cumene hydroperoxide (CHP) has been characterized with regard to the ability of CHP to (1) support 7-ethoxycoumarin-O-de-ethylase (ECOD) activity, (2) support the oxidation of NNN'N'-tetramethyl-pphenylenediamine (peroxidase activity) and (3) cause inactivation of cytochrome P-450. In the liver, CHP was found to support both ECOD and peroxidase activities while causing only minimal inactivation of cytochrome P-450. In contrast, in the olfactory epithelium CHP was virtually unable to support ECOD activity, peroxidase activity was 4-fold greater than in the liver, and extensive inactivation of cytochrome P-450 occurred. The reasons for these differences have been investigated with particular reference to the mode of cytochrome P-450-catalysed decomposition of CHP, that is, via homolytic or heterolytic cleavage of the hydroperoxide dioxygen bond. In both tissues, cumenol (2-phenylpropan-2-ol) was the major product of CHP decomposition detected. The radical scavenger nitrosobenzene inhibited cumenol formation by 840% in the olfactory epithelium, but by only 38 % in the liver. This may indicate that dioxygen-bond scission occurs predominantly homolytically in the nasal tissue, whereas there is a balance between homolysis and heterolysis in the liver. It is suggested that the inability of CHP to support ECOD activity in the olfactory epithelium and the extensive inactivation of cytochrome P-450 that it causes both stem from decomposition of the hydroperoxide occurring homolytically rather than heterolytically in this tissue.
INTRODUCTION
In addition to its role as a mono-oxygenase, catalysing oxygen and NADPH-dependent substrate hydroxylations, cytochrome P-450 is also able to function as a peroxidase or a peroxygenase in reactions supported by hydroperoxides and other artificial oxygen donors. As a peroxidase, cytochrome P-450 couples the decomposition of peroxides with one-electron oxidation of NNN'N'-tetramethyl-p-phenylenediamine (TMPD) (Hrycay & O'Brien, 1971) , NADPH (Hrycay & O'Brien, 1973) , diaminobenzidine (O'Brien, 1978) , alcohols (Rahimtula & O'Brien, 1977) , phenols (O'Brien, 1978) and other peroxidase substrates. The substrate specificity for the hydroperoxide is relatively broad and includes linoleic acid hydroperoxide (Hrycay & O'Brien, 1971) , cumene hydroperoxide (CHP) (Hrycay & O'Brien, 1971) , various steroid hydroperoxides (Hrycay & O'Brien, 1972) and H202 (Hrycay & O'Brien, 1971) . As a peroxygenase, cytochrome P-450 catalyses reactions in which one of the peroxide oxygens is incorporated into the substrate, and which include O-dealkylation (Rahimtula & O'Brien, 1975) , amine oxidation (Kadlubar et al., 1973) , aromatic hydroxylation and Ndemethylation (Jeffery et al., 1977) .
In vitro, the prosthetic haem of cytochrome P-450 is rapidly degraded by organic hydroperoxides to, primarily, hematinic acid and methylvinylmaleimide (Schaefer et al., 1985) . The precise mechanism of this destruction is unclear, but may involve oxidation of essential thiol groups by either the hydroperoxide (Hrycay & O'Brien, 1971) or peroxy radicals formed during decomposition of the hydroperoxide (O'Brien, 1978) .
In a previous paper (Reed et al., 1988) we described the extremely rapid, CHP-dependent oxidation of TMPD by cytochrome P-450 of the hamster olfactory epithelium. In the present study we have compared hamster olfactory and hepatic cytochromes P-450 with regard to (a) their ability to catalyse a CHP-dependent peroxygenase reaction (the O-de-ethylation of 7-ethoxycoumarin) and (b) their sensitivity to CHP-dependent inactivation. We have also explored various explanations for the unusually high peroxidase activity of the olfactory cytochrome P-450. purchased from Boehringer-Mannheim; 7-hydroxycoumarin, 2-phenylpropan-2-ol (cumenol) and nitrosobenzene from Aldrich Chemical Co.; cumene hydroperoxide from Fluka AG, Buchs, Switzerland; methanol and tetrahydrofuran (both h.p.l.c. grade) from BDH Chemicals and from Rathburn Chemicals respectively; other chemicals used were of the highest quality available commercially.
Methods
Male Syrian hamsters were between 6 and 8 weeks old and were allowed food and water ad libitum. Animals were killed either by decapitation or by a dose of Expiral (sodium pentobarbitone, 200 mg/ml) given by the intraperitoneal route (0.3 ml/ 100 g) and followed by decapitation while the animals were under deep anaesthesia. Olfactory epithelium and liver were obtained and microsomes prepared as described previously (Reed et al., 1986 ).
7-Ethoxycoumarin O-de-ethylase (ECOD), NADPH: cytochrome c reductase and cytochrome P-450-dependent peroxidase activities were measured as described previously (Reed et al., 1986 (Reed et al., , 1988 . In order to estimate rates ofCHP-supported ECOD activity, product formation had to be measured after 30 s incubation periods, since the reaction was non-linear at longer incubation times (presumably due to inactivation of the cytochrome P-450). To minimize the errors inherent in such short incubations, the following precautions were taken: (i) samples were equilibrated to 37°C before the addition of prewarmed NADPH-generating system or 7-ethoxycoumarin; (ii) after addition of reagents, samples were vortex-mixed briefly to ensure complete and rapid mixing and were immediately replaced at 37°C; (iii) after addition of 1 M-HCI to terminate the reaction, samples were vortex-mixed and placed on ice.
When incubations were carried out under hypoxic conditions, oxygen was removed from the system by a combination of bubbling all solutions with nitrogen and including an oxygen-scavenging system (final concentrations: D-glucose, 60 mM; glucose oxidase, 12.5 units/ml; and catalase, 600 units/ml). All flasks and tubes were fitted with rubber stoppers, and addition or removal of reagents was with a syringe through the rubber stopper.
H.p.l.c. was carried out on a Waters Associates ,tBondapak C18 column according to the method of Griffin & Ting (1978) Table 1 are considerably higher for both tissues than those reported previously (Reed et al., 1986 ) and those shown in Table  2 (below). The reason for these discrepancies is unknown, but the results of (0, 0) and olfactory (El *) microsomes were diluted to give samples of comparable cytochrome P-450 concentration. The reaction was initiated by the addition of 75 /iM-CHP and incubations were for 30 s. Assay of product formation was as described under 'Methods' section. Open and closed symbols represent two separate experiments, each on tissue pooled from five hamsters. Note that results in liver were approx. 60 % of the rates seen with NADPH, whereas in the olfactory epithelium the results given were only 1-5 % of the corresponding rates seen with NADPH.
cytochrome P-450 due to the higher hydroperoxide-tohaem ratio in the olfactory samples as compared with the hepatic.
(a) The fluorescence spectra of NADPH-and CHPgenerated 7-hydroxycoumarin were found to be identical, and were also identical with that of an authentic sample of 7-hydroxycoumarin. Furthermore, incubation of 7-hydroxycoumarin with 75 ,tM-CHP at 37°C for 5 min in either the presence or absence of hepatic or olfactory microsomes had no effect upon the intensity of the fluorescence of the 7-hydroxycoumarin (results not shown).
(b) When hepatic microsomes were incubated with 5 /tM-7-ethoxycoumarin at 37°C in a spectrofluorimeter cell, a decrease in fluorescence (excitation 326 nm, emission 390 nm) was observed after the addition of 75 ,UM-CHP, and this was assumed to be due to substrate utilization. No such decrease could be detected in samples containing olfactory microsomes (results not shown).
(c) CHP-supported ECOD activity was also measured in the liver and olfactory epithelium at comparable cytochrome P-450 concentrations. Product formation was linearly related to cytochrome P-450 concentration in both tissues, but was consistently lower in the olfactory epithelium as compared with the liver (Fig. 1 ).
Cumene hydroperoxide-dependent inactivation of cytochrome P450
The inability of CHP to support ECOD activity in the olfactory epithelium does not appear to be due to a lack of interaction between the peroxide and the haemoprotein, as evidenced by the considerable inactivation of olfactory cytochrome P-450 caused by CHP, and also by the ability of olfactory microsomes to metabolize cumene hydroperoxide (see below). When olfactory microsomes were preincubated with CHP before estimation of NADPH-supported ECOD activity, there was a marked (78 %o) loss of activity, as compared with samples which received no preincubation [ Table 1 , sample 9 (n = 4) compared with sample 6 (n = 4), P < 0.01]. Furthermore, incubation of olfactory microsomes with substrate, NADPH and CHP resulted in considerably lower ECOD activity than incubation with substrate and NADPH alone [ Table 1 , sample 8 (n = 4) compared with sample 6 (n = 4), P < 0.01]. Since CHP was found to have no effect upon (i) levels of NADPH or (ii) NADPH: cytochrome P-450 reductase (as judged by the ability to reduce cytochrome c) (results not shown), these observations suggest that CHP-dependent destruction of cytochrome P-450 was occurring. The presence of either 7-ethoxycoumarin or NADPH during the preincubation with CHP afforded no significant protection against CHP-dependent loss of ECOD activity (Table 1 , samples 10 and 11 compared with sample 9). Some CHPdependent loss of ECOD activity was also, observed in the liver [ Table 1 , sample 4 (n = 3) compared with sample 1 (n = 4)], but this loss was not statistically significant (P > 0.05). These differences between the two tissues were apparent even when incubations were carried out at comparable protein concentrations, and thus do not appear to be dependent on the different CHP/protein ratios usually encountered when incubating microsomes from the two tissues. We conclude that olfactory cytochrome P-450 is more readily destroyed by CHP than hepatic cytochrome P-450. However, the inability of CHP to support ECOD activity with microsomes from nasal tissue cannot be due entirely to rapid destruction of cytochrome P-450, as residual activity could be readily demonstrated in the presence of NADPH (Table 1 , sample 9). It is more likely that CHP interacts in a different way with the cytochromes from the two tissues and that the mode of interaction with the olfactory cytochrome is such that little ECOD activity occurs.
To investigate the role of lipid peroxidation in this inactivation of cytochrome P-450, the ability of CHP to support ECOD. activity and the effect of preincubation (Table 2) . Peroxidase activity of cytochrome P-450 We have previously reported (Reed et al., 1988) (Table  3) . In contrast, TMPD increased olfactory cumenol production by a factor of 17. In both tissues rates of cumenol formation in the presence of TMPD were considerably lower than rates of TMPD oxidation (peroxidase activity), and the ratio of the two activities was found to be very similar in the liver and olfactory epithelium [(B)/(A) in Table 3 ]. However, it should be noted that when the TMPD-dependent cumenol formation was taken (by subtracting the appropriate rate in the absence of TMPD), then ratios of peroxidase activity to cumenol formation became 3.0 and 1.6 for liver and olfactory epithelium respectively. The above experiments cannot differentiate between cumenol formed by heterolytic cleavage of the oxygenoxygen bond and that arising from homolytic scission. Terabe & Konaka (1972) demonstrated that the cumyloxy radical can be efficiently trapped by nitrosobenzene in organic solvents, and reported similar results in a study of aqueous systems containing haemoproteins. Thus it was considered that nitrosobenzene should inhibit production of cumenol via the cumyloxy-radical intermediate (homolytic pathway), but not via the heterolytic pathway. Table 4 shows the effect of nitrosobenzene on the decomposition of CHP to cumenol effected by hepatic and olfactory microsomes. This reaction was inhibited in both tissues, but to a much greater extent in the olfactory epithelium (85 %) than in the liver (38 %). DISCUSSION The results described above highlight a major difference between the cytochromes P-450 of the liver and the olfactory epithelium, namely their mode of interaction with the organic hydroperoxide CHP. In the liver CHP is able to support ECOD activity; in the olfactory epithelium it is not. In the liver CHP causes some inactivation of cytochrome P-450; in the olfactory epithelium this destruction is considerably more substantial. Hepatic cytochrome P-450 can utilize CHP for the oxidation of TMPD, but the olfactory haemoprotein is far more efficient at this reaction. We would like to suggest that these three facets of the interaction with CHP are closely interrelated and may stem from differences in the cytochrome P-450-catalysed peroxide dioxygen-bond cleavage.
The virtual inability of CHP to support ECOD activity in the olfactory epithelium appears to be an intrinsic feature of the catalytic mechanism of olfactory cytochrome P-450. The inactivation of ECOD activity after incubation with CHP (Table 1 ) and the linear relationship between CHP-supported ECOD activity and olfactory cytochrome P-450 concentration (Fig. 1) are both evidence for an interaction between the hydroperoxide and the haemoprotein. However, the nature of this interaction appears to be such that mono-oxygenation does not readily occur. One possible explanation is that the active site of the olfactory cytochrome P-450 is such that CHP and 7-ethoxycoumarin cannot be accommodated concurrently. Blake & Coon (1981 a) found that CHPdependent hydroxylation of toluene by rabbit cytochrome P-450 LM2 is sensitive to substitution on both the peroxide and the toluene, and concluded that the organic functionality of the peroxide is still present in the oxidizing agent responsible for hydroxylation. Kinetic analyses with rabbit liver cytochromes P-450 have demonstrated an 'ordered Bi Bi' kinetic sequence in which the substrate binds before the peroxide (Koop & Hollenberg, 1980) . If such kinetics also occur with olfactory cytochromes P-450, then the CHP-dependent inactivation of cytochrome P-450 in the presence of substrate (Table 1 , sample 11) suggests that both substrate and peroxide can be accommodated in the active site. Blake & Coon (1980 , 1981b described the interaction of rabbit cytochrome P-450 LM2 (P-450) with organic hydroperoxides (XOOH) to form two spectral intermediates, C and D:
P-450 + XOOH -C -D (Blake & Coon, 1980) In their model, C is on the route to substrate hydroxylation, whereas D is an inconsequential side product. Should a similar situation exist for all cytochromes P-450, it is conceivable that, in the olfactory epithelium, the formation of D is energetically favourable in comparison to the de-ethylation of 7-ethoxycoumarin.
It should be noted that the olfactory epithelium is not the only extrahepatic tissue in which peroxides are unable to support mono-oxygenation reactions. Adrenal, kidney, placenta and lung are all unable to utilize hydroperoxides for cytochrome P-450-dependent substrate hydroxylation (O'Brien, 1978) .
In addition to their ability to support drug metabolism, organic hydroperoxides also cause inactivation of both microsomal and purified cytochromes P-450 (Hrycay & O'Brien, 1971 Nordblom et al., 1976; Jeffery et al., 1977) , and degradation of the haem prosthetic group. This inactivation of cytochrome P-450 may involve the oxidation of essential thiol groups by either the hydroperoxide (Hrycay & O'Brien, 1971) or peroxy radicals formed during decomposition of the hydroperoxide (O'Brien, 1978) . Generalized lipid peroxidation may be partly responsible for the loss of cytochrome P-450 activity, and protection is afforded by antioxidants, hydrogen donors (such as NADPH and TMPD) and some drug or steroid substrates (O'Brien, 1978) . However, the extreme sensitivity of the olfactory cytochrome P-450 to destruction by CHP does not appear to be due to lipid peroxidation, as no protection was afforded by carrying out the incubation under hypoxic conditions ( Table 2 ). The question remains as to why the olfactory cytochrome P-450 is so sensitive to CHP. One possibility is that this form of cytochrome P-450 may have a greater affinity for CHP than the cytochromes of the liver. However, no significant difference in Km values for CHP was found between liver and olfactory microsomes, at least as measured by oxidation of TMPD. Alternatively the two groups of haemoproteins may interact with CHP to form different intermediates, with that formed by the olfactory cytochrome being the more reactive and thus more destructive.
If the cytochromes P-450 of the liver and olfactory epithelium interact with CHP to form different intermediates, then what is the nature of these intermediates? The iron-catalysed decomposition of organic hydroperoxides has been extensively studied (Kharasch et al., 1950; Blake & Coon, 1981a; Lee & Bruice, 1985; Thompson & Wand, 1985; Wand & Thompson, 1986) and is generally accepted to proceed via either heterolytic or homolytic cleavage of the dioxygen bond (Scheme 1). The iron-oxo intermediate represented on the right hand side of Scheme 1 (Fev = 0) is generally accepted as the iron-co-ordinated species arising from heterolytic dioxygen-bond cleavage (see the references in White & Coon, 1980) . Homolytic scission may instead generate the equivalent of a hydroxyl radical, which remains coordinated to the protoporphyrin iron as Fe'v -OH [Scheme 1; and see White & Coon (1980) and references cited therein]. There is considerable evidence in the literature for hydroperoxide-supported mono-oxygenation reactions occurring by a mechanism involving heterolytic dioxygen-bond cleavage (Rahimtula et al., , 1978 Nordblom et al., 1976; Gustafsson et al., 1976; Akhrem et al., 1977; McCarthy & White, 1983 With both hepatic and olfactory cytochromes P-450 cumenol was by far the main product of CHP decomposition found. In the olfactory epithelium, cumenol formation could be inhibited to greater than 80 0 by nitrosobenzene (Table 4 ). In contrast, hepatic cumenol production was inhibited by only 40 % by nitrosobenzene (Table 4 ). This would be compatible with a predominantly homolytic pathway in the olfactory epithelium, with a more equal balance between the two pathways in the liver. We cannot exclude the possibility that the olfactory cytochrome P-450 itself might be more susceptible to inhibition or inactivation by nitrosobenzene than the liver cytochrome, as experiments designed to investigate this were hampered by interference with the ECOD assay by nitrosobenzene. All the results hitherto discussed could therefore be explained by a model in which heterolytic cleavage leads to 7-ethoxycoumarin O-de-ethylation, whereas homolytic cleavage causes destruction of cytochrome P-450. Thus, in the liver, where there is a balance between the two routes (in favour of heterolysis), we see both de-ethylation and, to a lesser extent, destruction. In the olfactory epithelium, homolysis predominates, resulting in very little ECOD activity and extensive inactivation of cytochrome P-450.
The question remains as to why the hepatic and olfactory cytochromes P-450 catalyse the decomposition of CHP via alternative pathways. Alkyl peroxides readily undergo homolytic oxygen-oxygen-bond scission and, unless the hydroperoxide contains a good leaving group (e.g. a peracid), such one-electron reduction predominates (Marnett et al., 1986) . However, there is a shift from homolytic to heterolytic dioxygen-bond cleavage of alkyl hydroperoxides by metallo-tetraphenylporphyrin complexes when the trans-axial ligand is made imidazole (Mansuy et al., 1984) , and the strong electrondonor property of the thiolate ligand may also facilitate heterolytic cleavage. Poulos & Kraut (1980) have identified charged groups at the active site of cytochrome c peroxidase which facilitate heterolytic dioxygen-bond cleavage, and a similar situation may exist with some cytochromes P-450. It is conceivable that the active sites of olfactory cytochromes P-450 lack the structural features (i.e. appropriately positioned amino acid residues) necessary to facilitate heterolytic dioxygen-bond cleavage; alternatively the thiolate ligand may be more readily displaced in the presence of an organic peroxide.
The extremely rapid peroxidatic oxidation of TMPD occurring in olfactory microsomes remains unexplained. However, it is possible that the cumyloxy radical may oxidize TMPD very effectively; have proposed a similar homolytic mechanism for the P-450-catalysed CHP-dependent oxidation of aminopyrine to its characteristic aminopyrine radical species.
In conclusion, we have shown that hepatic and olfactory cytochromes P-450 interact with CHP with very different consequences, and have suggested that the basic reason for these differences lies in the mode of CHP dioxygen-bond cleavage. The validity of this hypothesis and its implications regarding the activation of molecular oxygen by olfactory cytochrome P-450 remains to be elucidated.
